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Abstract


To obtain the flow mechanism of the transient characteristics of a Kaplan turbine, a three-dimensional (3-D) unsteady, incompressible flow simulation during load rejection was conducted using a computational fluid dynamics (CFD) method in this paper. The dynamic mesh and re-meshing methods were performed to simulate the closing process of the guide vanes and runner blades. The evolution of inner flow patterns and varying regularities of some parameters, such as the runner rotation speed, unit flow rate, unit torque, axial force, and static pressure of the monitored points were revealed, and the results were consistent with the experimental data. During the load rejection process, the guide vane closing behavior played a decisive role in changing the external characteristics and inner flow configurations. In this paper, the runner blades underwent a linear needle closure law and guide vanes operated according to a stage-closing law of “first fast, then slow,” where the inflection point was t = 2.3 s. At the segment point of the guide vane closing curve, a water hammer occurs between guide vanes and a large quantity of vortices emerged in the runner and the draft tube. The pressure at the measurement points changes dramatically and the axial thrust rises sharply, marking a unique time in the transient process. Thus, the quality of a transient process could be effectively improved by properly setting the location of segmented point. This study conducted a dynamic simulation of co-adjustment of the guide vanes and the blades, and the results could be used in fault diagnosis of transient operations at hydropower plants.
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1. Introduction


With the dramatically worsened conflicts between energy supply and environmental protection around the world, due to the small investment, short construction period, and less negative impact on the environment, low-head hydraulic turbines have become the top priority in the development and utilization of renewable energy [1,2]. At present, Kaplan turbines are more widely used for their dual regulating function, which allows them to operate in a wide range of hydraulic conditions. Compared with higher-head turbines, Kaplan turbines can save more cost and time in the construction of power plants with lower excavation depth and less excavation of earth and rock [3,4,5].



In the daily operations of conventional hydropower stations, the frequent changes in working conditions inevitably incur transient processes of the turbine [6,7,8,9]. Load rejection is a common transient process with large fluctuations of dynamic parameters such as rotational speed, mass flow rate, torque, axial thrust, and static pressure. During the load rejection transient, the rotational speed and system water pressure rise to the effect that the flow pattern in the flow channel becomes more complex, which makes the variation regularity of external characteristics change dramatically and induce additional inertial force. The dynamic load caused by the mass imbalance in the rotor and the hydraulic instability in the flow passage components can be greatly increased by these changes, which can result in strong hydraulic pulsation and vibration and thus pose great threat to the safe operation of the entire power station [10]. Therefore, it is of great importance to ensure the operational safety of power stations with proper control schemes for regulating the turbine components. The governing components of a Kaplan turbine, namely, the guide vanes and impeller, which have unique load rejection transition processes, are particularly important to study [11,12].



Many practical transient process problems have been solved through experimental investigations [13,14,15,16,17]. Actually, many prototype tests in transient processes cannot be realized, owing to disadvantages such as large investment and some conditions being extremely dangerous, whereas numerical simulation methods are free from these problems. There are two kinds of numerical solutions for traditional transient processes. One is the numerical method of external character (NMEC) analysis, which employs the entire unit characteristics curve as the boundary condition [18]. The other is the numerical method of internal character (NMIC), which is realized by simultaneously solving the expressions of dynamic parameters with the basic equations of the pipe flow [19]. However, although these approaches can effectively predict the transient characteristics of an entire hydraulic system, especially one with a long penstock or tail water system, they are quite limited in predicting water hammer characteristics and dynamic instability of a hydro turbine unit.



In recent years, with the rapid development of large computational capacities and computational fluid dynamics (CFD), in order to directly reflect the internal flow regime of the unit, the 3-D turbulent numerical simulation method [20,21,22,23] has been introduced to study transition processes, and the research object is usually the unit section. Liu et al. [24] performed a 3-D CFD runaway transient simulation of a propeller turbine model, and some dynamic parameters and flow patterns were obtained and analyzed. Liu et al. [25,26] simulated the transient power interruption process and load rejection process of a prototype pump-turbine at pump mode by means of a 3-D flow simulation. Avdyushenko et al. [27] presented a method that was based on a joint solution to the Reynolds-averaged Navier–Stokes (RANS) equations for incompressible fluid flows to simulate the start-up process in hydro turbines, and comparison with experimental data was also performed. Fu et al. [28,29] used a dynamic mesh to solve the load rejection process simulations in a pump-turbine, and the energy transformation and detail transient flow were analyzed. Nicolle [30,31] provided a simplified CFD setup to model the startup phase of a Francis turbine while it went from rest to speed under a no-load condition. Li et al. [32] modeled the transient hydrodynamic analysis of the startup and runaway transient process of a bulb hydraulic turbine. Li et al. [33] carried out 3-D incompressible simulations that used a dynamic mesh for the closure of the guide vanes in a pump turbine model. Zhou et al. [34] developed a 3-D numerical simulation based on a single phase and volume of fluid (SP-VOF) coupled model to study the power-off transient process of pumped storage hydropower (PSH).



Although a great deal of achievements for transient process have been obtained with 3-D CFD methods, very few studies on the transient process of Kaplan turbine were reported, especially the 3-D numerical simulations for co-adjustments of the guide vanes and runner blades of a Kaplan turbine [6,11,12]. Due to the limitations of the unit type and the complexity of dynamic boundary simulation methods, it is hard to realize the transient process calculations of simultaneously opening or closing of guide vanes and runner blades. In this paper, a 3-D CFD unsteady method is adopted to simulate the load rejection process of a guide vane and runner blade co-adjusting Kaplan turbine through secondary development of ANSYS Fluent software and user defined functions (UDF), and the variation characteristics of the dynamic parameters were validated through experiments. Moreover, the internal flow field during load rejection was analyzed in detail to obtain the dynamic characteristics during the transient process and provide guidelines for the stable operations and equipment safety of hydropower stations.




2. Numerical Methods and Computational Model


2.1. Governing Equations


The internal flow of the Kaplan turbine calculated in this paper is an incompressible and turbulent flow with water as the flow media, and the energy conservation equation can be neglected due to the minimal heat exchange. According to the grid rotating motion, the governing equations described by the arbitrary Lagrangian Eulerian (ALE) method [35,36,37] is used to provide the grid motion velocity, and the continuity equation can be written as follows:


  ∇ • ρ  (  u − w  )  = 0  



(1)




and the conservation of momentum is described by:


    ∂ u   ∂ t   + ( ρ u • ∇ ) ( u − w ) = − ∇ p + μ  ∇ 2  u  



(2)




where ρ is the density of fluid, u is fluid velocity,  w  is grid velocity, t is time,  ∇  is Hamilton operator, p is the static pressure, μ is the molecular viscosity and    ∇ 2    is the Laplacian operator.



In the calculation of the dynamic mesh, the moving velocity change of the moving boundary grid and the volume of the control body must satisfy the geometric conservation equation:


   ∂  ∂ t      ∭ Ω   d V    =    ∬  ∂ Ω    C ⋅ m    d S  



(3)




where m is the outward normal unit vector of infinitesimal area dS at the boundary Ω of the control volume, C the boundary moving velocity, and V the volume of the control body.




2.2. Turbulence Model


The Menter’s shear stress (SST)   k − ω   turbulence model [38,39,40] as a variant of the   k − ω   model, combines the advantages of the   k − ε   model and the   k − ω   model, and redefines the turbulent viscosity by modifying only a small number of model constants to consider the transport of turbulent shear stress, so it would reduce the distortion when simulating turbulent flows in a wide range of flow fields. In addition, the SST   k − ω   model can effectively predict flow separation under adverse pressure gradient conditions [41]. Hence, considering the complex flow fields in the Kaplan turbine model, the SST   k − ω   turbulence model was chosen to close the governing equations.




2.3. Equations Discretization and Boundary Condition


In this study, 3-D discretization was adopted with the finite volume method (FVM) provided by ANSYS Fluent 16.0 software (Ansys2016, ANSYS, Canonsburg, PA, USA). A second-order center-difference scheme for the pressure term was used and a second-order upwind scheme for convention item was applied. For the time item, a first-order implicit format was employed. Also, the semi-implicit method for pressure-linked equations—consistent (SIMPLEC) algorithm was chosen for the coupling solution of the pressure and velocity equations [42].



In this study, the transient flow field was initialized with the steady numerical results of the critical point. The total pressure inlet and outlet with specific turbulent kinetic energy and turbulence dissipation rate were applied for the inlet and outlet boundary, respectively, no matter whether it was a steady or transient calculation. The inlet pressure was obtained using the working head conversion and the outlet was assumed to have zero pressure. For steady calculations, multiple reference frames were applied where the runner was a rotating part while others were set in a stationary frame. The whole runner was set as rotating walls at a speed of 216 r/min. For transient processes, the sliding mesh approach was used for the runner zone and the change of rotational speed was due to the fluctuation of the hydraulic torque, so the variation of speed was determined using the moment balance equation. The working head between the inlet and outlet was kept at a constant 0.82 m. As no water inflow was employed in this analysis, the frictional head loss caused by wall roughness was not considered, and the wall function used the default value.




2.4. Solution Setup of Load Rejection Process


The algorithm procedure of load rejection was implemented through secondary development of a widely used CFD software, Fluent 16.0. The UDF was loaded into the Fluent software to control the speed changes as well as the dynamic changes of the guide vanes and blade angle. UDF is a subroutine written in C language to dynamically link to the Fluent solver. The basic steps of using UDF in Fluent are: (1) write the UDF source code in a file; (2) start Fluent to read into the steady results of cas/data file; (3) compile the UDF; (4) specify the UDF in the appropriate variables and regions on the boundary condition; (5) set the frequency of the UDF update in the iteration panel, that is the time-step; and (6) calculate. The guide vanes and blades are both rigid bodies, so “DEFINE_CG_MOTION” macro was applied to control the rotation of guide vanes and blades. The detailed algorithm process is as shown in Figure 1. During the numerical simulation setup, the results of steady RANS were used as the initial flow field for the transient simulations. For all the simulations, the convergence criteria of the residuals at each time-step were below a typical criterion of 10-5, and the maximum number of iterations per time-step was set to 40.



According to the rotor dynamics, the angular momentum balance of the runner is defined using the following equation:


  M = J   d ω   d t    



(4)




where M is the moment of the rotational system, J is the rotational inertia of the unit, ω is the angular velocity vector, and t is time. Then, the angular velocity of next time step is obtained using:


   ω  i + 1   =  ω i  +  M J  × Δ t  



(5)




where Δt is the time step.



The closing laws of guide vanes and the runner blade during the load rejection process are shown in Equations (6) and (7), respectively:


   ω  G V   =  {    0.1785    0.3 s < t ≤ 2.3 s      0.05903    2.3 s < t ≤ 6.21 s       



(6)






      ω x  =  ω B  cos θ    ω y  =  ω B  sin θ    ω z  = ω     



(7a)






   ω B  =     0.01889     0.8 s < t ≤ 9.02 s      



(7b)




where    ω  G V     is the closing speed of guide vanes,    ω B    is the closing speed of the runner blade, θ is the rotational angle of the blade around the axis, and    ω x   ,    ω y   ,    ω z    are the angular velocity components of runner blade in the x-, y-, z- axis direction, respectively.




2.5. Computational Model and Monitoring Points


The investigated Kaplan turbine was obtained from an actual power station in China. The load rejection process was simulated in a reduced scale model, and the scale ratio of the original turbine to the model turbine was 22.17:1. The entire computational domain consisted of a spiral case, stay vanes, guide vanes, a head cover, a Kaplan turbine runner, and an elbow draft tube, as shown in Figure 2. The basic parameters of the turbine were listed in Table 1.



To obtain the variation of pressure in the transient process, three monitoring points were set in the flow passage of the unit (Figure 3). Point 1 was set near the end of the spiral case at about half the height of the case, Point 2 near the head cover, and Point 3 at the surface of the draft tube inlet.




2.6. Dynamic Mesh Description


After considering the complex geometry of the model and grid quality, an unstructured tetrahedron mesh with free topological structure was generated throughout the whole computational area. In order to maintain good quality in the large deformation and save the computing time of the transient process, slight encryption was carried out near the surface of the runner blades and guide vanes. Meanwhile, the y+ value of the first layer grid in the near wall region was always within ≈5–80 during the whole process of the mesh motion, which conforms to the application requirements of the SST   k − ω   turbulence model. During the calculation of load rejection process, due to the positions of the guide vanes and runner blades changing all the time, the shape of the calculation domain was also changing with time. To simulate the changing process, the UDF was conducted to realize the dynamic change of the grid, and the time step iteration of the flow field in the grid coordinate transformation domain was carried out simultaneously. Meanwhile, the re-meshing technology was applied to solve the negative volume mesh problems caused by the mesh deformation with time. The grids in the runner would undergo rotation, deformation, and re-meshing [43], so a varying rotating speed sliding mesh technology was implemented to accomplish the information transfer between the runner portion and the adjacent regions. The unstructured dynamic mesh method was applied to simulate the closing process of the runner blades, which serves to realize the combined movements of the rotation and revolution of the blades. The mesh at different instances of the guide vanes and runner (Span 1 section as shown in Figure 2) are shown in Figure 4 and Figure 5, respectively.




2.7. Verification of Grid and Time Dependency


To verify the grid independence of the computational flow field, three sets of computational grids with the corresponding grid sizes of 3.5 million, 5.8 million, and 7.1 million were generated in the CFD simulation. The variation curves of the speed with time under the three schemes are plotted in Figure 6, which shows that there were some slight differences between the results of the three meshing schemes. However, the three curves shared a similar trend, especially for those of schemes 2 and 3. Balancing the result accuracy and available computational resource, scheme 2 was therefore chosen to simulate the transient flow.



Based on the conclusion of the mesh sensitivity verification, the effects of the time step size was also explored, and three different time step sizes were selected for testing: 0.01 s, 0.005 s, and 0.0025 s, as shown in Figure 7. The resulting differences of the static pressure curve of Point 1 and the rotational speed of the unit diminish as the time step size decreased, which indicated that the results were approaching the “real value” of the numerical simulation. Finally, the 0.005 s time step size was chosen by considering the acceptable accuracy and computational cost.




2.8. Experiment Apparatus


The Kaplan turbine model experiment on hydraulic transient process was performed on a dynamic hydro-mechanical experimental test rig at Hohai University. Figure 8 provides a computer-aided design (CAD) representation of the whole test loop.



The head of the test rig was measured using a pressure difference sensor with a precision of 0.1%; the pressure fluctuation was measured by pressure sensor with a precision of 0.6%; the discharge could be measured by electromagnetic flow meter or triangular weir, and the measuring accuracy was 0.3% and 0.15%, respectively. The stroke of guide vanes and blades were measured using a multi-circle helical potentiometer with a precision of 0.2%. The axial force of the turbine was measured using a tension-compression sensor and the resolution of axial force measurement was 0.1% of the rated load. The torque and rotational speed were measured using a torque-speed transducer which had a precision of 0.6% for torque and 0.5% for speed.





3. Results and Discussion


3.1. Comparison between Numerical and Experimental Results


To prove the accuracy and reliability of the numerical results of the load rejection process, the simulated runner rational speed and static pressure of the monitored points were compared with the experimental data [44], as shown in Figure 9. The numerical simulation results were generally in accordance with the experimental data on the overall trend. The simulated maximum rotational speed was 368.5 r/min, while the corresponding measured value was 362 r/min, showing only a 1.8% difference. Meanwhile, the discrepancy for n in some instances may be due to the relatively inaccurate turbulence model and low qualities of the dynamic mesh. In addition, the static pressure fluctuations for the three points between the two simulated and experimental results also showed some discrepancy: the simulated results presented lower pressure amplitudes at all three points. The discrepancies between the two methods may have been caused by the following reasons: some vibration signals may have interfered with the measured pressure results in the model experiment; the positions of the monitored points in the simulation were not completely identical to those in the actual dynamic test; the simulation and the experiment used two different sampling frequencies; the pressure tank was not established in the geometric model for the simulation, while the physical model contains a pipe system that also had an impact on the curves of the turbine, that is, the boundary condition was not completely consistent. Therefore, the numerical results could truly reflect the characteristics of the load rejection process only up to a certain degree.



The detail variations of static pressure obtained from CFD method for the three measured points are discussed next. The static pressure curve of point 1 declined slightly first, and then showed an upward trend since the flow was blocked when guide vanes started the closing process. The reason for the drop of the curve at the beginning was that the increase of the rotational speed resulted in an increase of the unit flux while the guide vanes had not begun to close yet, so a short negative water hammer appeared in the spiral casing. In the whole transient process, the pressure of point 1 fluctuated by a small amount and climbed steadily, and finally stabilized at around 8.0 kPa. For point 2, the fluctuation range of the static pressure was larger than those of the other two points, decreasing from 7.0 kPa to 2.8 kPa. The variation curve at point 2 had two trough values: 1.8 kPa at t = 2.35 s, which was close to the inflection point of the guide vanes’ closing law, since the guide vanes’ closing speed slowed down from that point on; 0.5 kPa at t = 6.3 s, which was near the completion of guide vanes’ closure as the water flow was totally cut off. The curve of point 3 showed that the pressure fluctuation in the draft tube was large during the transient process, which was caused by the complex outflow from the runner. Overall, the static pressure in the Kaplan turbine during the load rejection process demonstrated complex variability, not only affected by the dynamic parameters, but also related to the closure law of the regulating element.




3.2. The Varying Law of Dynamic Characteristic Parameters


To analyze the variation of each parameter with time, the dynamic values were compared with the initial values (Figure 10): runner blade opening φ0 = 15°, guide vanes’ opening (GVO) α0= 34.4°, unit mass flow rate Q0 = 0.233 m3/s, runner rotating speed n0 = 261 r/min, the initial torque M0 = 49.07 N·m, the initial axial force F0 = 627.86 N. Once the load rejection process began, the Kaplan turbine underwent the turbine mode and then the braking mode. In the beginning period, the unit was suddenly unloaded and the servomotor had a lag time after tripping, and the unit flow rate Q and the runner rotational speed n increased rapidly within the idle time of the guide vanes. From Figure 10a, when t = 0.3 s, the guide vanes began to close, the unit flow rate Q rose steadily and reached its peak at 0.75 s, which was 1.09 times the initial value. The Q curve experienced a similar “S” type decline from 0.8 s to the guide vanes segment point at t = 2.3 s as the guide vanes and blades started closing, the guide apparatus began to take over in place of the speed n to dominate the flow rate change. In particular, Q almost linearly fell below 2% of Q0.



The rotational speed n changed owing to the change of the torque. After the turbine entered the load rejection process, the plunge of the hydraulic moment caused the rise rate of n to drop and peaked at 369.2 r/min at 1.77 s, and the moment M (Figure 10b) passed through zero marked as a shift from turbine condition to braking condition. The hydraulic resistance moment shared a similar decreasing trend with the GVO curve from the beginning of braking mode to the segment point. After t = 2.3 s, the Q-curve’s decline rate started to slow down as the guide vanes’ closing speed reduced, and the hindering effect of the water flow on the runner rotation was reduced with the reduced resistance moment. When the Q dropped to around 30% of the Q0, the resistance moment kept an upward trend while the n curve went down at this stage. At 6.21 s, the flow was cut off due to the nearly closed guide vanes, and then the reversed moment M curve dipped with an inflection point.



In the simulation of the load rejection process, the maximum negative axial thrust is an important index for regulating guaranteed calculation. As plotted in Figure 10b, the variation curves of the axial force F and the moment M were consistent because their main source was the water thrust. However, the instant when the axial force F equaled zero was different from the instant when moment M was zero because the axial force has additional action surfaces from the hub and runner cone besides the blades. The maximum negative F with a relative value of −0.638 occurred when the guide vanes were nearly closed. All the dynamic parameters gradually stabilized when the blades finished the closing process.




3.3. Analysis of Flow Characteristics


Generally, the variations of dynamic parameters are the external expression of intrinsic flow field evolution, which will lead to changes of a turbine’s mechanical property. Thus, the internal flow state in a Kaplan turbine passage will present different characteristics during a load-rejection transient process. The flow configuration in different parts of turbine passage at some critical moments was visualized for analysis.



The velocity vector on the surface at half the height of the stay vanes and guide vanes at different time are displayed in Figure 11. The initial condition showed a perfect performance with no influx and backflow, and the velocity distribution around the stay vanes and guide vanes was uniform (Figure 11a). After the load rejection process began, with the closing of the guide vanes, a large velocity contour and flow separation between adjacent guide vanes were observed (Figure 11b–f). At the guide vanes’ closing inflection point (t = 2.3 s), the flow was still uniform as the flow angle in front of the guide vanes was almost unchanged, and at this time, the guide vanes’ openings were decreased by 60%. In addition, the circumferential velocity of the water flow behind the guide vanes increased because of the noticeable flow impact between the adjacent guide vanes, owing to the smaller GVO. When the guide vanes were 96% closed at t = 5.8 s (Figure 11f), the mass flow rate Q had dropped to 9% of Q0 and the flow in the spiral casing almost stopped with only a little flow present in the gap between the guide vanes. After the guide vanes were closed (Figure 11g–i), the water flow was blocked and the flow regime in the passage between the stay vanes became chaotic. The upstream side also formed a small amount of reflux between the stay vanes and the guide vanes. Simultaneously, a circumfluent flow with a low velocity were formed between guide vanes and stay vanes as a result of the previous flow inertia.



The runner is the most important part of a Kaplan turbine and its flow pattern development has a great effect on the transient process and steady-state conditions for the whole hydropower station. The pressure contour on the blades and the velocity vector on the two typical sections (shown as Figure 2) are provided in Figure 12 and Figure 13, respectively. As expected, there was no bad flow pattern in the runner region (Figure 12a) in the beginning condition, and the gradient distribution of the flow velocity was homogeneous (Figure 13a). Once load rejection happened, with the change of the rotational speed and mass flow rate, the flow pattern in the runner would be complex and unsteady. When the runner rotational speed n reached its peak value at t = 1.76 s, there was a negative pressure region near the inlet edge of the runner tip because the gradual decline of the relative flow angle with n rose on the blade inlet edge, where some flow impacts occurred (Figure 12b), and thus resulted in flow separation and significant energy dissipation (Figure 13b). After that, the flow rate Q underwent a sharp decline, but the runner speed was high. As a result, the water flow shrank from the guide vanes into the runner chamber and was subjected to centrifugal forces, which would lead to a majority of the flow moving outward and a large negative pressure area on the runner hub and cone (Figure 12c). After that, the static pressure on the runner hub and cone rose a bit and the pressure on the blade surface consistently became more uniform (Figure 12d–g). Furthermore, the circulating component of the runner inflow would climb and backflow appeared on the runner cone surface, which was the main source of a reverse thrust. Some high-speed circulation appeared due to the impact of the partial stall flow striking against the blades, which experienced acceleration, convergence with the low velocity flow, and deceleration. After the guide vane was completely closed, the impeller flow was blocked, and the flow instability was increased by a backflow vortex at the outlet edge of the middle section of the blade (Figure 13e–f).



As the draft tube was directly connected with the runner, its internal flow pattern was complex. According to Figure 14a, the initial flow regime in the draft tube was homogeneous before load rejection happened. There were five low pressure zones in the draft tube’s inlet section, which was affected by the impeller flow. Similarly, the inlet flow was disturbed by blades and formed five clockwise rotating vortex zones, which extended to the straight cone section. With the rotational speed n increasing, the static pressure at the inlet center of the draft tube fell to its lowest point (−3 kPa) when n reached its peak and deviated greatly from the circular center of the inlet section (Figure 14b). During the first stage of the guide vanes’ closure, the flow velocity was uneven when water flowed through the elbow section and the streamlines in the diffuser portion were extremely chaotic. At the upstream side of the draft tube wall, there was a low-velocity stagnating flow area caused by the impingement of the flow and the upstream wall while the downstream flow shrank and accelerated, leading to a large negative pressure area on the passage wall upstream; therefore, the main water flow migrated toward the wall downstream due to the pressure differences (Figure 14c). Between t = 4.8 s and t = 6.4 s, the static pressure of the draft tube wall increased, owing to the continuous impact between the draft tube wall and the annular inflow dominated by the minimal GVO. When the flows reached the bottom of the elbow section, there were two flow patterns. One is the mainstream which hit the wall and bounced back into backflows, and the other is the remaining spiral outflow that flows out along the upper passage behind the support pier while the rest of the passage became stagnant water area. At the end of the load rejection process, the unit flux almost equaled to zero, and the streamlines became very disordered while the pressure gradient was very small. Simultaneously, the flow in the draft tube was only driven by the runner and the rotational inertia, which changed little after the transient process.





4. Conclusions


In this study, a 3-D numerical simulation of the load rejection process of a Kaplan turbine based on co-adjustments of the guide vanes and runner blades was performed using a dynamic mesh method. The simulated results of the rotational speed and static pressure variations at the monitored points agreed well with the experimental data of the corresponding dynamic model. The error for the maximum speed during the transient process was only 1.8%. The variation regularity of the unit rotational speed n, mass flow rate Q, moment M and axial thrust F with time were revealed during the load rejection transient, which can provide useful references for turbine structure designs and operations. Moreover, the time-varying pressure fluctuations were recorded to capture the water hammer. Based on the CFD results, the flow fields and the unsteady flow evolution were analyzed in detail for the whole transient process.



The external characteristic changes were dominated by the guide vane closing while the runner blades’ closure had marginal influence on them. Especially, the moment M, axial force F, and static pressure at point 2 all had two troughs at the inflection point of the guide vanes’ closure curve. The peak value of the rotation speed was 368.5 r/min, which was 1.41 times the initial value n0. The maximum negative axial force was 0.638 times F0 and occurred at the end of the guide vanes closing, which means that the closing time of the guide vanes could be extended to avoid the hang-up risks of the Kaplan turbine. The pressure variation range at point 2, which was near the runner inlet, was larger and the pressure fluctuation at point 3, which was close to runner outlet, was intense. Therefore, the dynamic rotor-stator interactions had a great influence on the static pressure. Furthermore, the flow pattern in the unit passage varied dramatically, especially in the proximity of the inflection point. There were severe vortex and reflux at the runner with local high and low pressure on the blade surfaces, which may lead to cavitation, and an apparent water hammer appeared at the guide vanes. Flow swirling in the draft tube was serious and the static pressure on the wall fell suddenly, which could incur strong low frequency pressure fluctuations and unit vibrations. Thus, the most important moment during the process was determined to be the segment point of guide vanes’ closing law, which may be reasonably controlled to effectively reduce the influence of a water hammer on the turbine’s dynamic characteristics.



Future studies could also consider the water density change during the transient process, which may also have an impact on the results. Furthermore, the calculation conditions should be increased for different opening and closure laws for the guide vanes and the blades to investigate the load-rejection transient process more precisely. In the future work, the whole flow system including upstream and downstream reservoirs should be established, the gravity term should be added, and the boundary conditions should be modified, so that more precise and comprehensive flow characteristics can be investigated during the transient process of the Kaplan turbine.
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Nomenclature




	C
	Boundary moving velocity
	m/s



	D
	Runner diameter
	m



	   d S   
	Infinitesimal area
	m2



	F
	Axial force
	N



	F0
	Initial axial force
	N



	g
	Gravitational body force
	m/s2



	J
	Total unit moment of inertia
	kg·m2



	M
	Moment of the rotational system
	N·m



	M0
	Initial torque
	N·m



	m
	Outward normal unit vector
	-



	n
	Runner rotating speed
	r/min



	n0
	Initial runner rotating speed
	r/min



	P
	Static pressure
	MPa



	Q
	Unit flow rate
	m3/s



	Q0
	Initial unit flow rate
	m3/s



	t
	Time
	s



	u
	Fluid velocity
	m/s



	V
	Volume of control body
	m3



	w
	Grid velocity
	m/s



	    α 0    
	Initial guide vanes opening
	°



	  α  
	Guide vanes opening
	°



	    φ 0    
	Initial runner blade opening
	°



	  φ  
	Runner blade opening
	°



	  θ  
	Rotational angle of the blade around the axis
	°



	  ω  
	Angular velocity vector
	rad/s



	    ω B    
	Closing speed of runner blade
	rad/s



	    ω x    
	Angular velocity components of runner blade in the  x -axis direction
	rad/s



	    ω y    
	Angular velocity components of runner blade in the  y -axis direction
	rad/s



	    ω z    
	Angular velocity components of runner blade in the  z -axis direction
	rad/s



	    ω  G V     
	Closing speed of guide vanes
	rad/s



	μ
	Molecular viscosity
	Pa·s



	ρ
	Density of fluid
	kg/m3



	   Δ t   
	Time step size
	s



	  ∇  
	Hamilton operator
	-



	    ∇ 2    
	Laplacian operator
	-



	  Ω  
	Boundary of control volume
	-







Abbreviations




	3-D
	Three-dimensional



	ALE
	Arbitrary Lagrangian Eulerian



	CFD
	Computational fluid dynamics



	FVM
	Finite volume method



	GVO
	Guide vanes’ opening



	NMEC
	Numerical method of external character



	NMIC
	Numerical method of internal character



	RANS
	Reynolds-averaged Navier–Stokes



	SIMPLEC
	Semi-implicit method for pressure-linked equations—consistent



	SP
	Single phase



	SST   k − ω  
	Shear-stress transport   k − ω   turbulence model



	UDF
	User defined function



	VOF
	Volume of fluid
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Figure 1. Algorithm routines of the load rejection transient simulation. 
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Figure 2. Sketch of the entire computational domain for the Kaplan turbine model. 
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Figure 3. Monitoring points of static pressure in the whole passage. 
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Figure 4. (a) Closing process of the guide vanes, (b) t = 0 s, (c) t = 2.2 s, (d) t = 4.2 s, and (e) t = 6.3 s. 
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Figure 5. (a) Closing process of the blades, (b) t = 0 s, (c) t = 4.2 s, (d) t = 6.4 s, and (e) t = 9.2 s. 
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Figure 6. Test results of the three different mesh schemes. 
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Figure 7. Pre-calculated results of different time step size. 
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Figure 8. The CAD representation of the test loop, where 1-pump, 2-head tank, 3-bypass valve, 4-overflow plate, 5-Kaplan turbine model, 6-draft tank, 7-regulating grid, 8-stabilizing grid, 9-flow measuring flume, 10-collecting basin, 11-closure trolley, and 12-flow rate calibration slot. 
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Figure 9. Curves of numerical simulation and experiment results. 
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Figure 10. Variation of normalized dynamic parameters in the load rejection process, (a) the variations of runner rotate speed and unit flow rate, (b) the variations of moment and axial force. 
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Figure 11. Velocity vector between stay vanes and guide vanes at different time: (a) t = 0 s, (b) t = 1.76 s, (c) t = 2.3 s, (d) t = 3.2 s, (e) t = 4.8 s, (f) t = 5.8 s, (g) t = 6.4 s, (h) t = 7.0 s, and (i) t = 9.2 s. 
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Figure 12. Distribution of the velocity vector and static pressure in the runner zone at different time: (a) t = 0 s, (b) t = 1.76 s, (c) t = 2.3 s, (d) t = 3.2 s, (e) t = 4.8 s, (f) t = 5.8 s, (g) t = 6.4 s, (h) t = 7.0 s, and (i) t = 9.2 s. 
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Figure 13. Velocity vector distribution on Span 1 (upper) and Span 2 (lower) at different time: (a) t = 0 s, (b) t = 1.76 s, (c) t = 3.2 s, (d) t = 4.8 s, (e) t = 6.4 s, and (f) t = 7.0 s. 
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Figure 14. Flow fields in the draft tube at different time: (a) t = 0 s, (b) t = 1.76 s, (c) t = 2.3 s, (d) t = 4.8 s, (e) t = 6.4 s, and (f) t = 9.2 s. 
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Table 1. Main parameters of the Kaplan turbine model.
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	Parameters
	Value





	Diameter of runner (m)
	0.46



	Number of runner blades (-)
	5



	Number of guide vanes (-)
	32



	Number of stay vanes (-)
	16



	Height of guide vanes (m)
	0.184



	Runner blade rated opening (°)
	15



	Guide vane rated opening (°)
	41.55



	Rated head of turbine (m)
	0.82



	Rated speed of turbine (r/min)
	261



	Rated discharge of turbine (m3/s)
	0.33



	Total unit moment of inertia (kg·m2)
	16.8



	Specific speed of the turbine (-)
	500











© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
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